Infectious diseases are one of the most common public health issues and contribute significantly to loss of quality-adjusted life-years in those affected ([@CIT0001]). Their impacts range from minor, requiring no clinical intervention, to long-term disease, disability, or death. Infections may be local or systemic; primary or secondary; with acute, chronic, or latent presentation; they may also arise through the introduction of foreign bodies in otherwise healthy individuals. Infections may also be classified as sporadic, endemic, epidemic, or pandemic, and be communicable or non-communicable between individuals. As a consequence, a number of different health-related disciplines may be involved in their prevention and/or treatment.

Health professionals usually focus on specific segments of the infection, for example, the agent, the host, or the environment which together constitute the widely acknowledged epidemiological triangle which must converge to result in an adverse clinical outcome for the individual ([@CIT0002]). It is our view that a more integrated and holistic framework of the infection process is warranted potentially to provide a more effective means of tackling infection prevention and treatment. Here, we propose a framework that incorporates elements of the recently described International Life Sciences Institute Key Events Dose--Response Framework ([@CIT0003]), which has been applied as a case study to microbiological hazards ([@CIT0004]).

We propose a proof-of-concept model for the identification of key events in the infection process of the opportunist bacterium, *Pseudomonas aeruginosa*, specifically in the context of eye infections. This organism is the primary cause of microbial keratitis (corneal infection) in users of extended-wear contact lenses and is usually associated with specific lens types as well as compromised hygiene that may lead to contamination of lens wash solutions ([@CIT0005]). We have used this infection model as a case study, primarily because the aetiological agent is an opportunist, and therefore, susceptibility of the host is key in establishing infection. In addition, there is good supportive scientific literature in this area. It is our hope that the model will give a better understanding of the infection process in microbial keratitis, and potentially identify key target areas for preventive or therapeutic control measures, as well as inform the development of risk assessment strategies. Indeed, we have adopted the basic concepts of the classic risk assessment framework (exposure, hazard identification, and characterisation) to structure the proposed model ([@CIT0006]).

The pathway-based concept describes the process in a sequential form ([Fig. 1](#F0001){ref-type="fig"}). It starts from the initial exposure of a host to an infectious agent, taking into account the number of microorganisms that manage to bind to specific mucosal receptors (the molecular initiating event) that will lead to a number of chain reactions (pathway of adverse outcome) and to the overall result, which is the clinically adverse outcome. It is worth noting that there are two processes mapped acting in opposite directions. The first process reflects the deleterious effects that the pathogen will have on the host, while the second describes the defences of the host used to inhibit or neutralise its progress. This concept is also mapped under the following classical empirical exponential dose--response model$$\text{p} = 1 - \text{exp}\left( - \textit{kd} \right)$$

where '*p*' is the probability of a specific endpoint (infection, illness, or death) as a function of two parameters: 1) parameter '*d*' represents the dose to which the host is exposed while, 2) parameter '*k*' is an indicator of the probability of a single organism surviving within the host. The exponential dose--response model assumes that one organism is capable of causing infection if it arrives at an appropriate site. More complex but still empirical models, are described in ([@CIT0007]) which target the variability of the agent and the host, and sometimes the effect of the environment. Although these models take into account some or most of these principles and are in general agreement with the proposed concept, our aim is to assist in moving away from such empirical models towards developing more mechanistic approaches that open and explore the 'black box' of infection.

![Pathway-based conceptual model of the infection process. We have used the following colour code to map the different components of the epidemiological triangle, colour coding the adverse outcome (intersection) separately: orange: exposure (environment and interactions); blue: the invasion process by the microorganism; red: host defences based on time of occurrence; and green: adverse outcome (level of infection).](IEE-5-28750-g001){#F0001}

In this paper, we review the known risk factors and stages in the infectious process of *P. aeruginosa* in the eye grouped by key events ([Table 1](#T0001){ref-type="table"}) and attempt to demonstrate the value of examining this process in a holistic framework as opposed to each factor in isolation. We propose that such an approach could form the basis of a generic model applicable to other infectious processes. Hereinafter, this paper follows the categorisation of key events presented in [Table 1](#T0001){ref-type="table"} to describe the proposed framework.

###### 

Stages in infectious process and predisposing risk factors

  ---------------------------------------------------------------------------------------------------
  I. Exposure
   1. Environment
    i. Contact lenses
     a. Type of lenses
     b. Case replacement frequency
     c. Extensive wear
    ii. Type of sterilizer → resistant agents/ probability of *P. aeruginosa* developing resistance
   2. Host/environment
    i. Hygiene
    ii. Socio-economic factors
   3. Agent/environment
    i. Swim
    ii. Swarm
    iii. Biofilms on lenses
  II\. Internal exposure/barrier function impairment
   1. Eye damage
   2. Tear fluid malfunction
   3. Inhibition of corneal shedding
   4. Thinning of epithelia
   5. Hypoxia
  III\. Molecular initiating event/innate immunity
   1. LPS (lipopolysaccharide) -- TLR4 (Toll-like receptors)
   2. ExoU(not ExoS at eye strains) -- TLR4, TLR2
   3. Flagella -- TLR5
   4. Type IV pili (twitching motility)
  IV\. Adverse outcome pathway/adaptive immunity
   1. Virulence factors
   2. Quorum sensing
   3. Types I--VI secretion systems
   4. Cellular response (T cell)
   5. Humoral response (antibody)
  V. Adverse outcome (infection)
   1. Resolved
   2. Mild
   3. Moderate
   4. Severe
  ---------------------------------------------------------------------------------------------------

Exposure (dose) {#S0002}
===============

Exposure refers to the number of microorganisms that reach the host before any further action occurs. In terms of a product contaminated with *P. aeruginosa*, the dose in its simplest form can be calculated by the number of bacteria per ml of product multiplied by the quantity of product used. This, however, is not always a simple calculation, due to different consumer habits during product use and whether the product is intended to be used as a leave-on or rinse-off agent. Exposure may also arise through contact with other sources such as the use of other products (e.g. soaps) contaminated with the organism. In terms of contact lenses, an estimation has to be made of how many microorganisms are transferred from the contaminated wash solution to the lens itself in order to estimate the level of exposure of the eye to the microbe. A number of factors with regard to the product (environment) or the user (host) can affect the presence of the pathogen on the lens and the level of exposure of the host. Because of this complexity, the safety/risk of the host is often assessed using a worst-case scenario following a binomial approach ('yes/no' type of response), which serves to safeguard both products and consumers by being overly conservative.

Conventional contact lenses fall into two basic categories with regard to material and composition: soft lenses and rigid gas-permeable lenses. Socio-economic factors or personal choice may affect the type of lens worn by a consumer. Contact lenses are worn by about 5% of the general public in developed countries and soft hydrogel lenses account for about two-thirds of the market ([@CIT0008]). Soft lenses are classified by the US Food and Drug Administration as being materials of high (\>50%) or low (\<50%) water content. Two main types -- conventional hydrogel or silicone gel (several varieties) -- are retailed. Lenses are also categorised for daily wear, or extended wear (6--30 nights) depending on the lens material ([www.medscape.com/viewarticle/773026](http://www.medscape.com/viewarticle/773026)).

A systematic review of the literature prior to 2011 by Dutta et al. ([@CIT0009]) reported that the incidence of microbial keratitis associated with contact lens wear varied from 12 to 66% depending on the study design and location. The annualised incidence of keratitis ranged from 9.2 to 20.9 per 10,000 individuals for overnight wear of lenses and 2.2 to 3.5 for daily wear. Based on a similar denominator of contact lens wearers, a prospective questionnaire study in Australia ([@CIT0005]) found an annual incidence of 1.2 cases per 10,000 of contact lens related microbial keratitis, and among a subset of culture proven infections the highest rates were found for daily wearers of silicone hydrogel lenses (11.9/10,000), overnight wear soft silicone (19.5), and overnight wear silicone hydrogel (25.4) lenses. Lowest rates were observed for daily wear soft (1.9) and daily disposable lenses (2.0). Loss of vision occurred in 0.6/10,000 wearers.

A number of independent risk factors have been identified for microbial keratitis but extended -- particularly overnight -- contact lens wear, tropical climate environment, and poor storage case hygiene remain the most commonly cited ([@CIT0010]). Significantly, dense biofilms of microbial communities growing in contaminated contact lens storage cases in the presence of disinfectants in an experimental setting have been demonstrated; these biofilms have proved difficult to remove by standard lens care practice such as rinsing in hot water or in multipurpose solution containing disinfectants ([@CIT0011]). Nevertheless, the contribution of user hygiene to the risk of developing keratitis is the subject of some debate. Various aspects of good user practice such as hand washing, frequency of disinfection, replacement rather than 'topping up' of disinfectant, and efficacy of the disinfectant have all been cited in several epidemiological studies and together or individually contribute to risk reduction ([@CIT0012]). Extended contact lens wear has been shown to cause migration of Langerhans cells into the central cornea ([@CIT0013]). These are key sentinel cells of the cornea which recognise, process, and present antigens to the immune system. This leads to cytokine release and further influx of inflammatory cells, particularly CD4+ Th1 cells which maintain a neutrophil infiltrate in *Pseudomonas* keratitis ([@CIT0014]).

*P. aeruginosa* is a common contaminant of contact lens wash solutions partly due to its innate and acquired resistance to contact lens biocides ([@CIT0015]). The composition of these solutions is complex and varies with manufacturer but chlorhexidine and benzalkonium chloride are universally used for rigid gas-permeable lenses. Hydrogel lenses are most widely used today and disinfectant solutions of polyaminopropyl biguanide in a borate base, and polyquaternium-1 in a citrate base, among others, have been used as preservatives. However, susceptibility to disinfectants is not uniform for all strains and some may express full resistance to agents and even multiply above the initial challenge inoculum over 24--48 h exposure to the disinfectant ([@CIT0015]). More significantly, this latter study found that resistance of strains was correlated with acute cytotoxic activity on corneal epithelial cells in culture and linked to the presence of a regulatory cytotoxicity gene, suggesting that the disinfectant may select for contamination with cytotoxic strains. Resistance to quaternary ammonium compounds also appears to be a function of the surface hydrophobicity of a strain as electrostatic repulsion between bacterial surface cations and the antimicrobial agent impede the entry of the latter into the cell ([@CIT0016]).

Some evidence suggests that although markedly strain dependant, the increased cell surface hydrophobicity of *P. aeruginosa* contributes to its significantly greater adhesion to soft lens types ([@CIT0017], [@CIT0018]). These lenses also vary in their surface hydrophobicity. Maximal adhesion of *P. aeruginosa* in stationary phase culture to worn lenses was achieved with approximately 1×10^9^ cfu/ml ([@CIT0019]) and adherence occurred as rapidly as 5 min after exposure and peaked at 2--3 h ([@CIT0020]). Biofilm -- glycocalyx -- formation on hydrogel lenses was reported to occur after 30 min with an inoculum of approximately 10^7^ organisms and form a mature biofilm within 24 h ([@CIT0021]). Furthermore, recent evidence from an experimental mouse corneal infection model with *P. aeruginosa* has demonstrated that although the bacteria are in a planktonic mode of growth in the early stages of infection, the early stages of biofilm formation and slight opacity were evident on the corneal surface after 24 h of exposure to 1×10^8^ cfu/ml of the challenge strain ([@CIT0022]). These biofilms develop into three dimensional structures which vary in density depending on the substrate material of the contact lens and achieve maturity within 72 h with cell aggregates and microcolonies embedded in an extracellular polymer on all lens materials ([@CIT0023]). The organisation of the biofilm results in gradients of oxygen, pH, and nutrients and facilitates intercell communication (quorum sensing) and gene transfer between cells which together enhance the virulence properties of the bacteria.

Several studies have linked the degree of adherence of *P. aeruginosa* and other bacteria to water content of contact lenses but this is not consistently supported in the literature ([@CIT0009]). Other factors such as pH and electrolyte concentration may also influence adherence of the species to lens materials ([@CIT0024]).

There is some evidence to suggest that adaptation of some *P. aeruginosa* strains to environmental water may be a key factor in their association with keratitis. The great majority of keratitis isolates (71%) in a large series from UK patients were grouped together in a core genotype cluster which remained stable over time and was related to a clonal complex more commonly associated with environmental water sources ([@CIT0025]). It is arguable that the adaptation and high prevalence of the clonal cluster in environmental waters could be a key factor that results in higher exposure and consequently higher association of the clone with keratitis. On the other hand, a specialised population of *P. aeruginosa* from the natural aqueous environment which seems to have a propensity to cause corneal infection may be positively selected by contact lens wearers. It remains unknown whether these strain populations result in more severe infections than strains outside of the core cluster. If so, then the identification of the strain genotype of *P. aeruginosa* isolates from keratitis or contact lens solutions may be informative of the likely course and outcome of the infection.

Internal exposure/barrier function impairment {#S0003}
=============================================

For most opportunist species whether an organism remains a benign colonist of a body site or progresses to establish an infection in that site depends largely on the balance of the host defences and on the armoury of pathogenicity factors at the organism\'s disposal. Skin and mucous membranes present an anatomical barrier against invasion and infection of the host by the microbe. Several properties including the presence of fatty acids, low pH, antimicrobial peptides, and enzymes all contribute to this process ([@CIT0026]). The ocular surface is exposed to the external environment and is open to atmospheric pollutants, multiple antigens, and microbes. To establish an ocular infection *P. aeruginosa* needs to traverse the ocular barrier in order to bind with relevant receptor targets to reach its pathogenic potential. In the case of contact-lens-associated keratitis, planktonic and biofilm-derived bacteria on the lens come into intimate contact with the corneal surface.

For *Pseudomonas* keratitis to develop, both microbial virulence characteristics and the physiological impact of contact lens wear on the cornea come into play ([@CIT0026]). A number of host factors may contribute to increased susceptibility to infection and include inhibition of normal corneal epithelial cell shedding, thinning of the epithelia, ocular trauma, and increased bacterial binding to specific receptors on exposed corneal membranes, among others as detailed by Stapleton and Carnt ([@CIT0010]). *P. aeruginosa* is able to take advantage of the hypoxia and local trauma of the cornea and intrude to the host. A combination of secreted virulence factors and host immune and inflammatory responses contribute to host tissue damage and to the elimination of the bacteria.

Molecular initiating event/innate immunity {#S0004}
==========================================

When the pathogen manages to pass the ocular barrier, it is exposed to the innate immunity mechanisms of the host. Binding to the host receptors is considered as the first step of a series of biological events, which dictate the pathogenic potential of the microorganism.

To establish a population of *P. aeruginosa* cells on an abiotic or biotic surface, the flagella of planktonic cells provide the 'swimming' mobility necessary to bring them into close contact with the surface. Polar positioned pili (Type IV pili) promote cell movement through a form of 'twitching' motility by tethering the bacteria to a specific cell surface, which on retraction, effectively drags the bacterial cell forward. Motility may be influenced by the viscosity of the surrounding medium as indicated by the recent observation of increased surface motility in the presence of mucin ([@CIT0027]). This is distinct from 'swarming' motility on semi-solid surfaces. Both these mechanisms are also implicated in *Pseudomonas* biofilm formation. As with some other Gram-negative bacteria, *P. aeruginosa* is able to form fimbriae on the bacterial cell surface using a system called the chaperone/usher pathway (CUP). The CUP proteins are structurally similar to immunoglobulins and escort the intracellular subunits of the fimbrial proteins to an usher protein complex, which facilitates the translocation and assembly of these subunits across the outer membrane. At least three different CUP (A, B, and C) systems have been identified in the *P. aeruginosa* reference strain PAO1, and CUP A is required for the successful formation of biofilm on abiotic surfaces ([@CIT0028]) through aggregation of the cells in microcolonies ([@CIT0029]).

A variety of transmembrane proteins, the Toll-like receptors (TLRs), and Nod-like receptors recognise and interact with specific ligands on the bacterial surface. These activated molecules stimulate macrophages or mast cells leading to the synthesis and secretion of pro-inflammatory cytokines and recruitment of phagocytes which engulf and kill the organism by the release of toxic reactive oxygen species ([@CIT0030]). At least 13 different TLRs have been identified in man and mice ([@CIT0031]) but TLRs 2, 4, and 5 recognise, respectively, pilin protein ([@CIT0032]), lipopolysaccharide (LPS) ([@CIT0033]), and flagellin protein ([@CIT0034]).

The immune system of the ocular mucosa uses both innate and adaptive effector mechanisms present in the tissue and tear film ([@CIT0035]). These serve to destroy the invading pathogen and limit the harmful effects of the inflammation on the eye. Leucocytes, primarily lymphocytes, and lymphoid cells are normal non-inflammatory components of the ocular surface and express in the main CD8+ suppressor/cytotoxic T cells. Plasma cells produce IgA and secretory SIgA on the conjunctival surface and the tear film which is also rich in antibacterial proteins. Chief of these are lysozyme, which destroys the bacterial cell wall, lactoferrin which binds iron essential for bacterial growth, and lipocalin which scavenges bacterial products ([@CIT0035]).

Surfactant protein D has been shown to inhibit epithelial cell invasion by *P. aeruginosa* ([@CIT0036]). Several other antimicrobial and effector molecules have been identified in tear film including leucocyte protease inhibitor, interleukins, macrophage inhibitory proteins, and different TLRs. The reader is referred to an excellent discussion of the role of TLRs in the infectious process in the eye by Pearlman et al. ([@CIT0037]). The authors propose that both live bacteria and their products activate TLRs in the cornea leading to chemokine production and neutrophil recruitment. Although the latter cells are necessary for bacterial killing, they can also cause loss of clarity of the cornea and so targeting of the TLR pathway as a means of treating such infections may be effective. Furthermore, they suggest that given the role of *P. aeruginosa* type III secretion system (T3SS) in the induction of neutrophil apoptosis and promoting growth of the pathogen in the cornea, therapy could also be targeted at the exotoxins associated with this secretion system. The corneal mucosa also contains a specific subset of mucin glycoproteins which protect the eye from invading microbes and, in particular, bind to *P. aeruginosa* ([@CIT0038]). Recent work suggests that commonly used formulations of contact lens solution may destroy the mucin layer and contribute to increased infections of the cornea ([@CIT0039]).

Adverse outcome pathway/adaptive immunity {#S0005}
=========================================

Despite being endowed with a considerable array of virulence-associated genes, most strains of *P. aeruginosa* have low intrinsic virulence for humans. Genes for several virulence factors (cell-associated and secreted) have been identified in *P. aeruginosa* located on plasmids and the chromosome. Examples, among others, are genes that encode adhesion molecules, motility, cell-to-cell communication, exotoxins, exopolysaccharide biosynthesis, secreted exoenzymes, phenazine pigment, and a variety of regulatory proteins ([@CIT0040]). The contribution of these and other factors to the establishment of *P. aeruginosa* infections varies with the strain type and the susceptibility of the individuals, but common features are the need for the organism to 1) adhere to the host tissue and multiply to significant numbers, 2) breach innate defences, 3) exert a cytotoxic effect, and 4) resist the action of adaptive immune response and antibacterials, ultimately to persist in a hostile environment.

The major virulence factors of twitching motility (type IV pili), motility (flagella), exoprotein secretion systems, and quorum sensing controlled exoproducts have all been implicated in the pathogenesis of *P. aeruginosa* keratitis but evidence suggests that some strain populations with specific virulence gene profiles are more likely to be recovered from keratitis than others ([@CIT0041]). Stewart et al. ([@CIT0042]) found in a large series of *P. aeruginosa* isolates from keratitis and other clinical sources that genes significantly more prevalent in keratitis strains included *oriC* (replication origin), *exoU* (exotoxin), and *katN* (non-heme catalase). ExoU and ExoS are part of a T3SS and, depending on their presence, strains may exhibit different physiological and pathogenic characteristics, such as protease production and biofilm formation ([@CIT0043]). Bacteria secrete a number of biologically active exoproteins through type secretion systems in response to their environment or to promote survival in the host. Many of these proteins are toxins or hydrolytic enzymes involved in pathogenesis. To date, six different classes of these systems have been described in bacteria and to our knowledge all but one, T4SS, has been identified in *P. aeruginosa* ([@CIT0044]). The T3SS is the most intensively studied in Gram-negative bacterial pathogenesis as it promotes the injection of toxins directly into the cytoplasm of host cells. The apparent selection of strains expressing ExoU indicates that cytotoxicity is a key factor in the establishment of *Pseudomonas* keratitis. It has recently been shown that an active phospholipase domain of ExoU is required for the traversal of corneal epithelia by *P. aeruginosa* ([@CIT0045]). The T2SS-dependent release of proteolytic enzymes plays a significant role in corneal damage and degradation of secretory immunoglobulin A in *Pseudomonas* keratitis ([@CIT0046]). Other enzymes secreted through T2SS include lipases and phospholipases, and alkaline phosphatase, all of which act on extracellular targets.

Adverse outcome (infection) {#S0006}
===========================

The final event of the proposed framework is the adverse outcome. The 'endpoint' (response) discussed in this paper is infection, which is generally defined as a condition in which a pathogen invades and can actively multiply within the body of the host. Both subclinical and clinically apparent infections are possible (i.e. depending on the manifestation of symptoms). As presented in [Table 1](#T0001){ref-type="table"}, there can be four possible outcomes resulting from infection as an adverse outcome to the proposed framework, namely: resolved, mild, moderate, and severe.

Discussion {#S0007}
==========

Fleiszig and Evans ([@CIT0047]) proposed a four-step model of the pathogenesis of *P. aeruginosa* keratitis in contact lens wearers with an undamaged cornea. First, the physical presence of the lens interferes with clearance of the bacteria which in turn bind and form biofilm on the lens to promote their survival from where they interact and adhere to corneal epithelia. Second, those bacteria that evade the TLRs and resist local defensin antimicrobials traverse the multilayered epithelia through breakdown of cell-to-cell junctions and extracellular matrices. Third, the bacteria cross the physical barrier of the epithelial basement membrane, whose small pore sizes normally exclude invading organisms, through production of general and specific proteases which degrade the matrix glycoproteins ([@CIT0048]). Finally, the bacteria enter the corneal stroma and initiate inflammatory and immune response cascades, which produce the visible pathology.

Our proposed framework incorporates and expands the model of Fleiszig and Evans ([@CIT0047]) by including the exposure assessment, which details the primary exposure of the individual to the organism, and provides additional information pertinent to characterising the output of the infection as resolved, mild, moderate, or severe. Therefore, where Fleiszig and Evans ([@CIT0047]) model solely the events in pathogenesis, we have attempted to account for the effect of these events on the adverse outcome. The addition of other parameters renders our proposed framework rather more generic than specific to pathogenesis and extends its adaptability to other organisms and infection types.

The use of contact lenses is clearly a dominant factor as *P. aeruginosa* keratitis is rare in non-users. Poor lens hygiene and extended wear are clearly contributory factors to increased susceptibility to infection.

However, it appears that the presence of the organism on the corneal surface alone is not sufficient for infection to occur and several factors are necessary for the bacteria to penetrate the cornea and expose the internal subepithelial cells. The numbers of organisms that traverse the ocular barrier are considered representative of the 'internal exposure', as they are able to bind to cells and express their cytotoxic potential. This process also applies to the skin where sweat and sebum production, abnormalities in rate of corneocyte replacement, thinning of the skin layers, or hypoxia, all contribute as risk factors compromising skin barrier function ([@CIT0049]).

The molecular initiating event in the case of keratitis is the binding of the bacteria to surface receptors of the subepithelial cells mediated through various structures and surface expressed molecules. Once adherent to the stroma, cytotoxic molecules are orchestrated through quorum sensing and exoprotein secretion systems. Although these factors are recognised by the innate immune system, the relative number of microbial versus innate immunity molecules (competitive binding) is the main determinant of the outcome of the infectious process. If only a small number of *P. aeruginosa* traverse the ocular barrier, it is likely that innate immune factors will be sufficient to inhibit the infectious process leading to a resolved or mild adverse outcome.

Determination of the minimum number of *P. aeruginosa* cells required to initiate infection is complicated because of its opportunist nature whereby some degree of predisposition of the host is necessary. It has been established in rabbit corneal infection models that the minimum infectious dose for keratitis is of the order of 100--1,000 *P. aeruginosa* if injected directly into the stroma ([@CIT0050]). If the ocular barrier is breached and/or innate immunity is dysfunctional, then according to the theory of the single-hit model ([@CIT0051]), a single microorganism could reach its target and cause an infection. Recent evidence, using omics data from HIV infections, has demonstrated that the infection arises from a single variant, or a few viral particles ([@CIT0052]). In reality, barriers function efficiently to impede the spread of bacteria and viruses and reduce the numbers reaching the target, thus a higher infectious dose may be required to cause an adverse outcome. However, as populations of *P. aeruginosa* adhering to experimentally contaminated contact lenses can reach numbers of 10^7^--10^9^ cfu/ml on the lens surface within 45 min ([@CIT0020], [@CIT0021]), the bacterial load could far exceed the 'minimum infectious dose' of 100--1,000 cfu as established from animal studies ([@CIT0050], [@CIT0053]) and thus overwhelm the ocular barrier function and host defences.

In the context of risk assessment, the interactions between host and pathogen, influenced by environmental factors, present a challenge at the hazard characterisation step (i.e. dose--response assessment). In its simplest form, Equation ([@CIT0001]) describes this mathematically; the lower the value of *k* (probability of agent surviving the host defences), the higher the dose *d* required for the microorganism to cause an adverse outcome. Clearly, such an approach is a continuum, rather than a specific cut-off or 'tipping point' and this will vary with each individual according to their susceptibility, giving different probabilities of developing an infection. The concurrent circumstances and risk factors of the host such as ocular hygiene, type of contact lens, and pattern of wear, all contribute to infection risk at the time of exposure. Therefore, understanding the underlying biology of infection and the variability of interactions between pathogens and hosts offer a promising strategy to refine the hazard characterisation step in risk assessment.

Characterisation of the risk to the host is problematic as the degree of host response to the pathogen is highly variable. Preconditions in the host may reduce local defence mechanisms thus allowing relatively low bacterial numbers to invade and establish an infection. The adaptive immune response is the last line of defence and if activated, may prevent severe infection. Nevertheless, it should be borne in mind that overreaction of the immune system in response to the agent may increase inflammation and result in exacerbation of clinical symptoms.

The categories of adverse outcome as outlined earlier are dependent on the standpoint of the user of this framework as different protection goals can be set, for example, preventive measures should have targets of none or resolution of infection, whereas therapeutic measures will primarily impact on the reduction of infection severity. Epidemiological studies can help to identify the key factors of an infection and to propose appropriate control measures. However, on occasion, such measures may not impact directly on the pathogen *per se*, but serve to strengthen susceptible hosts or to reduce transmission in the environment, for example, hygiene and sanitation. A more structured approach to identify protection goals by identifying at-risk groups, for example, contact lens users, and adopting risk mitigation measures may be more effective to avoid or minimise unintentional exposure to microorganisms.

Conclusions {#S0008}
===========

We propose a new conceptual pathway based model to describe the mechanism of infection that can be used by health professionals and risk assessors of contamination of personal care products used by the general public, using *P. aeruginosa* keratitis as a case study. By taking into account the host, agent, environment, and their interactions, it is possible to identify the key events in the process of infection and allow focus of effort on those that have a critical effect on the potential outcome. Despite the specificity of the case model to contact-lens-associated infection the model can theoretically be applied to other infections of differing severity. From a therapeutic perspective, it is expected that the investigator will focus more on the identification of the pathogen and ways to limit the development of the infection, whereas epidemiological investigations target the transmission of a disease, including the environment, and potential key host factors. From a safety/risk assessment perspective, the focus would be on evaluating the likelihood of adverse human health effects occurring, following exposure to the pathogen, and managing the risk by ensuring that products meet the required safety objectives by the use of relevant control measures, for example, non-favourable growth conditions or antimicrobials in lens solutions.

The proposed model is structured to allow the identification of knowledge gaps and highlight areas where further research is required to sketch a more complete picture of the infection process for a given scenario. It is hoped that this model will have the potential to focus research efforts and aid a better understanding of risk assessment and management of the infection process and associated outcomes.
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